Abstract: Single-molecule fluorescence microscopy is a powerful tool for revealing chemical dynamics and molecular association mechanisms, but has been limited to low concentrations of fluorescent species and is only suitable for studying high affinity reactions. Here, we combine nanophotonic zeromode waveguides (ZMWs) with fluorescence resonance energy transfer (FRET) to resolve single-molecule association dynamics at up to millimolar concentrations of fluorescent species. This approach extends the resolution of molecular dynamics to > 100-fold higher concentrations, enabling observations at concentrations relevant to biological and chemical processes, and thus making single-molecule techniques applicable to a tremendous range of previously inaccessible molecular targets. We deploy this approach to show that the binding of cGMP to pacemaking ion channels is weakened by a slower internal conformational change.
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Single-molecule fluorescence microscopy reveals details of molecular composition and dynamics otherwise hidden because of averaging in ensemble measurements. [1] However, a frequent experimental compromise is the requirement of nm or lower concentrations of fluorescent species. This limitation originates from the diffraction limit of focused light, as the smaller the probe volume can be made, the fewer molecules will contribute to the background signal.
[1b] For example, confocal detection schemes with diffraction-limited excitation enable observation volumes as small as 0.1-0.2 fL (1 fL = 1 10 À15 L). [2] Thus, in both confocal and total internal reflection (TIRF) modalities, there is an inherent concentration limit of < 10 nm to detect the binding of a single fluorescently labeled substrate. [3] This "concentration barrier" is severely debilitating, as many biological and chemical mechanisms require highly concentrated conditions in the mm to mm range to proceed. Metabolites (including ATP), neurotransmitters, and amino acids are frequently present at cellular concentrations of 100 mm and above, [4] thus preventing the application of single-molecule microscopy to examine binding in kinases, receptors, translation machinery, and the vast majority of enzymes [5] (Figure 1 a) . Access to high concentrations becomes even more significant for new single-molecule investigations of synthetic catalysts, most of which operate at substrate or ligand concentrations of mm and above. [6] Increases in the highest attainable fluorophore concentration can be achieved through reduction in the observation volume to below the diffraction limit. Stimulated emission depletion (STED) in the context of fluorescence correlation spectroscopy (FCS) permits detection volumes near 0.02 fL. [7] Photoactivation [8] of or photobleaching [9] down to sparse subsets of fluorophores transiently creates low concentrations of active fluorescent species from a larger reservoir of fluorophores, thereby enabling concentrations up to Figure 1 . ZMW-FRET imaging. a) Histogram of over 30 000 enzyme affinities from the BRENDA database. [5] Concentration ranges accessible to single-molecule resolution are indicated for several methods. b) Illustration of FRET between bound donor (fcGMP) and an acceptor on the CNBD. c) Experimental setup for ZMW-FRET microscopy. Fluorescence in the donor and acceptor channels from arrays of ZMWs were simultaneously imaged on two EMCCD cameras. Inset: schematic representation of a single ZMW with an immobilized CNBD. The observation volume decays rapidly within about 25 nm of the surface. The red dashed circle represents the Fçrster radius, further reducing the effective observation volume. Thus, freely diffusing donors unbound to the CNBD are not observed. 10 mm.
[10] The use of nanophotonic antennas has enabled detection of fixed individual molecules in up to 25 mm concentrations of quenched fluorescent species, [11] with the added benefit of plasmonically enhanced fluorescence. [12] Imaging in the vicinity of the interface between a convex lens and a flat surface enables access to concentrations up to 2 mm. [13] Indeed, a variety of chemical and photonic tools have enabled access to concentrations up to the low mm range. [14] ZMW, nanophotonic arrays of subwavelength holes in a metallic film (Figure 1 c) provide subdiffraction-limited nearfield observation volumes as small as 20 zL (1 zL = 1 10 À21 L), far smaller than that achievable with TIRF or STED, such that single fluorophores can be resolved at up to low mm concentrations. [2, 15] ZMWs have been successfully used to observe molecular recognition processes at high nm to low mm concentrations including translation events at individual ribosomes, [16] dynamics of membrane-bound proteins, [17] and single-molecule electrochemistry, [18] and have enabled highthroughput single-molecule genomic sequencing.
[19] They have also been combined with plasmonic nanosized antennas to gain the advantages of fluorescence enhancement. [20] Regardless, association processes that require concentrations upwards of tens to hundreds of mm remain out of reach, thus requiring new single-molecule methods. Here, we show that a combination of ZMWs and single-molecule FRET (smFRET) enables resolution of single-molecule molecular recognition events at mm concentrations. This approach merges ZMW's subdiffraction-limited observation volume with a detection volume defined by the Fçrster radius of the FRET pair on the order of 1 zL (Figure 1 b,c) .
Although smFRET alone enables observation of singlemolecule binding dynamics at up to 10 mm, [21] access to higher concentrations is limited by nonspecific adsorption and background signals from freely diffusing fluorophores. While both of these interferences exist in our dual ZMW-FRET method, their influence has been sharply reduced by the volume restriction in zero-mode waveguides (ZMWs). Critically, our approach extends the resolution of single fluorophore association by over 100-fold from low mm to low mm concentrations, thus allowing the elucidation of previously inaccessible biological and chemical mechanisms at the level of single molecules.
As validation, we report time-resolved single-molecule binding events for fluorescently labeled cyclic guanosine monophosphate (fcGMP) [22] to monomeric cyclic nucleotidebinding domains (CNBDs) from human hyperpolarization and cyclic nucleotide-activated (HCN) channels. HCN channels are critical for the regulation of heart and brain rhythms, but the mechanism by which cyclic nucleotide binding modifies channel gating remains unclear. Single-molecule binding dynamics report on electrically silent and transient conformations energetically coupled to binding, and inform on the forces by which they interconvert, thus providing a novel window into this process. Here, we used ZMW-FRET to directly observe single binding events of fcGMP.
CNBDs were specifically labeled with a FRET acceptor and immobilized within arrays of over 100 000 ZMWs (Figure 1 c , and see the Supporting Information). Two EMCCD cameras were used to simultaneously record the donor (fcGMP) and acceptor fluorescence from about 1000 ZMWs at once, thereby making this approach feasible for highthroughput studies. Excitation alternated between the donor and acceptor pump wavelengths at a frame rate of 10 Hz, which allowed observation on interleaved frames of smFRET arising from donor binding (Figure 2 Specific binding at single molecules as reported by smFRET was recorded at fcGMP concentrations from 1 mm to 1 mm (Figure 3 a) . The concentration-dependence of the equilibrium bound probability across all molecules indicates an apparent affinity of about 10 mm (Figure 3 b), similar to previous bulk-averaged measurements. [23] Notably, binding curve saturation required fcGMP at concentrations of hundreds of mm.
Histograms of bound and unbound dwell times were constructed from idealized pooled data (Figure 4 a, see also the Supporting Information). As expected for a binding reaction, unbound lifetimes decreased with increasing fcGMP concentration, whereas bound lifetimes were relatively concentration-independent. Based on previous observations that the CNBD isomerizes between two conformations, [24] we compared the likelihood of several kinetic models (Fig- ure S2 e). The preferred model had two unbound and two bound states, such that isomerization of the CNBD can occur both with and without bound ligand (Figure 4 b). This model is consistent with X-ray crystal structures in which the C-helix caps the bound ligand, [24, 25] and electron paramagnetic resonance studies that suggest similar capping of the binding site also occurs in the CNBD without a ligand, thereby temporarily blocking access of fcGMP. [23] Furthermore, this scheme is similar to that observed for the binding dynamics of the higher affinity ligand fcAMP. [24] In comparison to fcAMP at monomeric CNBDs, our high-concentration single-molecule studies reveal that the lower apparent affinity of fcGMP compared to fcAMP is due not only to slower binding, but also to a reduction in the probability that bound ligand will induce a stabilizing isomerization of the CNBD that prolongs the total lifetime of the bound state. Now that several methods allow access to elevated concentrations for single-molecule experiments, thus breaking the "concentration barrier" to varying degrees, it is useful to compare and contrast the advantages of these methods. One issue relevant to the investigation of biological structures is access to the biomolecule. Our ZMW-FRET combination, similar to other ZMW geometries, entails the biomolecule being in a microenvironment with a high surface-to-volume ratio, although the 100-150 nm diameter of the aperture is large compared to the CNBD, and the sidewalls and bottom of the ZMW are passivated. [26] This geometry is less restrictive than antenna-based approaches that involve a nanosized aperture [11, 16] but more restrictive than photoactivation [10] and FRET [21] approaches that do not have the same constraints and may be more suitable for in vivo measurements. Our approach does not require specialized fluorophores, unlike photoactivation-based approaches. [10] However, the temporal observation window of our approach as well as FRET-based approaches [21] is limited by the photobleaching of the acceptor, whereas in ZMWs without FRET [2, 15] or other approaches where all fluorophores are continually replenished, [10, 11, 13, 16] the observation window will be longer, although more stable fluorophores [27] can likely extend the observation window in ZMW-FRET. Finally, only ZMW-FRET is capable of reaching the biologically significant range of 100 mm-1 mm.
In conclusion, we demonstrate single-molecule resolution of binding events at up to mm concentration, more than two orders of magnitude higher concentrations than were feasible with other methods. Our combined ZMW-FRET approach enables observation of molecular dynamics at relevant concentrations for the majority of biological and chemical association reactions that were previously inaccessible to single-molecule techniques. 
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Further improvements
Several of the drawbacks of our ZMW-FRET can also be improved using recently reported strategies. For example, use of more photostable FRET acceptors [1] can greatly augment observation time windows. Use of DNA Origami nanoadapters [2] can significantly enhance the fluorescence signal by placing biomolecules at the center of the ZMW and increasing experimental throughput by streamlining deposition of biomolecules into ZMW's. Thus, even more robust access to single-molecule dynamics at high concentrations is within reach.
Methods Protein expression, purification and labeling
The CNBD from human HCN2 channels was expressed in E. coli, biotinylated and labeled with a maleimide derivative of DyLight 650 (DY650) at an introduced cysteine (E571C) as described in detail previously [3] . For specific labeling at position E571C, two other accessible native cysteine residues were mutated (C508A/C584S), which we have previously shown to have little effect on the CNBDs ability to bind cyclic nucleotide [3] .
Single-molecule imaging and analysis
Single-molecule imaging and analysis of fcGMP (Biolog) binding was performed as described previously for fcAMP [3] . Briefly, CNBDs were deposited in ZMWs with diameters between 100-150 nm (Pacific Biosciences) and imaged on an inverted microscope (Olympus IX-71) with two 512x512 EMCCD cameras (Andor iXon Ultra X-9899) under alternating 532 and 640 nm laser excitation (Coherent) at 60 W/cm 2 and 25 W/cm 2 at the sample, respectively, and a frame rate of 10 Hz using Metamorph software (Molecular Devices). This set-up enabled simultaneous recording of ~1000 ZMWs at a time. However we sparsely deposited the CNBDs onto the array in order to reduce the probability of having more than one CNBD per ZMW. At our sample loading, we found 25% overall occupancy of the 1000 wells. Of those ~250 wells, ~10% showed two bleach steps suggesting two proteins per ZMW, and ~1% showed more than three bleachsteps suggesting three or more proteins per ZMW. These observed probabilities, P(1) = 0.23, P(2) = 0.03, P(3)<0.003, are close to the probabilities suggested by Poisson statistics with a Poisson rate parameter λ=0.35, P(1) = 0.25, P(2) = 0.04, P(3) = 0.005, where P(k) is the probably of an occupancy of k in a ZMW according to the equation
Fluorescence time series from single molecules were analyzed with custom software written in Matlab (The MathWorks, Inc.). A trace was used for analysis if: (1) it featured only a single fluorescently-labeled CNBD in the ZMW, as indicated by a single bleach step in the acceptor channel (Fig. 2a, bottom) , and (2) featured at least one event in the FRET channel, indicating fcGMP binding to the CNBD. Traces featuring multiple bleach steps, large amplitude fluctuations in the donor channel likely due to imperfect surface passivation and consequent increased non-specific binding, and traces without any FRET channel fluctuations, indicating no binding events, were all removed prior to analysis. All selected traces were then background subtracted, and crosstalk was also subtracted from the smFRET traces, as described in more detail below. Drifts in the baseline were corrected with spline fitting before the traces were idealized with vbFRET [4] . After idealization, traces were once again visually inspected and single frame events were removed from the idealized records as such events could often be attributed to noise in simulated data. For analysis of dynamics we selected the subset of molecules with smFRET binding signal-to-noise ratios >2.25 (Fig. S1e) . Heterogeneity in signal-to-noise is likely due to both variation in ZMW fabrication and location of CNBDs within each ZMW [2] . Overall, approximately 11,000 ZMW's satisfied the initial screen, and of those, approximately 4,000 ZMW's passed the second signal-to-noise screen, consistent with Figure S1f . From these ZMW's, we recorded approximately 15,000 binding/ unbinding events. Hidden Markov modeling (HMM) was performed with QuB [5] using a dead time of 200 ms. In general, the signals in the donor (D) and acceptor (A) channels upon excitation at the donor pump wavelength are given by D = Dbg + Dfree + Dbound, A = Abg + Acrosstalk + Adirect + FRETfree + FRETbound, where Dbg and Abg are background levels including camera dark counts, and scattered or reflected light, Dfree and Dbound are from directly excited freely diffusing and bound fcGMP, respectively, Acrosstalk is crosstalk from the fraction of the donor emission spectrum that falls within the acceptor channel, Adirect is due to weak direct excitation of the acceptor at the donor pump wavelength, and FRETfree and FRETbound are FRET between freely diffusing and bound donors (fcGMP), respectively, and the acceptor on the CNBD. Crosstalk was described by Acrosstalk = (Dfree + Dbound), where  = 0.08 was determined from the slope of a linear fit to a scatter plot of Ableached versus Dbleached for each molecule, where  bleached denotes a time average after acceptor bleaching (Fig. S1a) . This value is slightly higher than the  = 0.04 estimated from the relative area of fcGMPs emission spectrum within the donor and acceptor channels, likely due to non-ideal transmission efficiencies along the optical path. Our analysis was relatively insensitive to small changes in  on this order. In the absence of donor and acceptor dyes, the background signals Abg and Dbg varied between ZMWs, likely due to heterogeneity in the fabrication process. Empirically, Abg and Dbg were found to be similar within a given ZMW under our experimental conditions. Thus, we determined Abg in each individual ZMW by solving Ableached = Abg +  (Dbleached -Dbg) with Abg = Dbg. The distribution of Abg values across ZMWs is shown in Figure S1b .
Prior to acceptor bleaching, A exhibits two distinct intensity levels Aunbound and Abound corresponding to conditions where the CNBD is unoccupied or occupied by fcGMP (Figs. 2a, middle, 3a and S1c). Relative to Ableached, Aunbound also contains both Adirect and FRETfree, whereas Abound includes all of those components plus FRETbound. The increase in the per molecule mean Aunbound (and also Abound) with increasing concentrations of fcGMP comes from the concentration-dependence of FRETfree, which arises from freely diffusing fcGMP near the acceptor on the CNBD (Fig. S1c, d ). The contribution of FRETfree was lower than predicted for a bulk solution of freely diffusing donors and acceptors [6] , because only a donor quenched by multiple acceptors was considered, not multiple donors transferring to a single acceptor, and because of limited access to the acceptor from regions occupied by the CNBD in our system. In contrast, the mean amplitude of FRETbound = Abound -Aunbound across molecules was relatively independent of fcGMP concentration (Fig. S1c) , as expected. At low concentrations, Abg constitutes the dominant source of background in the acceptor channel, whereas at high donor concentrations, Acrosstalk becomes a significant contributor, as expected. Critically, the amplitude of FRETbound was large in comparison to both FRETfree and the standard deviation of the subtracted crosstalk signal Acrosstalk (Fig. S1c) indicating that on average, neither FRET from freely diffusing fcGMP nor subtraction of crosstalk grossly distorted the binding signal even at 1 mM fcGMP.
Dwell time distributions from idealized records were fit with mono or biexponential distributions by maximum likelihood, and the conditional probability that a given dwell time would be observed within the associated observation time window defined by acceptor bleaching was accounted for as described by Colquhoun and Sigworth [7] (Fig. 4a, S2a) . Simulated data from a uniform distribution of dwell times with amplitudes, noise, and acceptor lifetimes drawn from gamma or log normal distributions describing the observed data (e.g. Fig. S2b ), show that although acceptor bleaching limited the observation of longer dwell times, this effect was relatively minor over the majority of the unbound and bound dwell time distributions (Fig. S2c) , and was also accounted for in our kinetic model (Fig. 4b) as described below. Acceptor lifetimes were inversely correlated with bound probability, suggesting that excitation due to FRET from bound donor during frames with laser excitation at the donor pump contributed to bleaching (Fig. S2d) . To account for this, an irreversible transition to a bleached state was added to all states during HMM model optimization. The bleach rate from either unbound (0.03 s -1 ) or bound (0.08 s -1 ) states were determined by extrapolating the correlation between acceptor lifetime and bound probability to bound probabilities of zero or one, respectively. This method ignores the comparatively small concentration-dependence of the bleach rate due to FRET from freely diffusing donors. Models were globally optimized for all molecules and fcGMP concentrations, and ranked by their Akaike information criterion [8] (Fig. S2e) . Consistent with an isomerization of the unliganded CNBD, unbound dwell time distributions were biexponential (Fig. 4a) . In contrast, only a single exponential component was resolvable in the bound time distributions. Although we cannot completely rule out the existence of only a single bound state (e.g. model #2), the rate of entry into the state B2 in our preferred model #3 is sufficiently slow that acceptor bleaching limits its observation (Fig. S2e) , therefore making it difficult to detect in the distribution of bound times. Regardless, both of the most likely models (#2 and #3) agree that the reduced apparent affinity of fcGMP as compared to fcAMP arises from both slower binding and either reduced or nonexistent probability to isomerize while ligand is bound. Notably, the small number of events in dwell time distributions at 1 mM fcGMP does not reflect the number of observed events at molecules exhibiting binding signals with sufficiently high signal-to-noise ratios, but instead reflects the difficulty in observing fully bracketed events (bound-unbound-bound or unbound-bound-unbound) at a concentration significantly above Kd prior to acceptor bleaching. Thus, protein-ligand complexes with higher Kd values will be even easier to analyze. Finally, significant improvements in data throughput and model analysis could be obtained by utilizing longer-lived acceptor dyes [1] . concentration. See methods for details. Briefly, Ableached, Aunbound and Abound are the mean intensities in the acceptor channel during time periods where a donor is either unbound or bound, or the acceptor has bleached, respectively (see Fig. 2a, middle and 3a) . Triangles and circles are the respective means from log normal distribution maximum likelihood fits to the observed intensities across all molecules, and error bars are the 95% confidence limits in the distribution means. Squares are the mean (error bars are standard deviation) across all molecules of the standard deviation in the crosstalk from donor emission in the acceptor channel (see methods). e, The ratio of FRET from freely diffusing or bound donors (fcGMP) as a function of donor concentration. Symbols are means from a maximum likelihood fit to a log normal distribution, and error bars are the 95% confidence limits in the distribution means. f, Histograms of signal-to-noise ratios in the acceptor channel for various donor (fcGMP) concentrations. Histograms at each donor concentration are overlaid with maximum likelihood fits to a gamma distribution. Vertical dashed line indicates cutoff for our analysis. Figure S2 . Dwell times and HMM modeling of fcGMP association at single molecules. a, Summary of maximum likelihood exponential fits to unbound (biexponential) and bound (monoexponential) dwell times. Amplitudes for biexponential fast (solid) and slow (dashed) components are shown in the bottom frame. b, Distributions of bleach times at various donor (fcGMP) concentrations overlaid with maximum likelihood fits to exponential (dashed) or log normal (smooth) distributions. Donor concentrations are indicated along the ordinate. c, Simulated dwell times drawn from a uniform distribution using amplitude, noise and bleach times drawn from distributions that describe the observed data. The reduced frequency of longer dwell times reflects truncation of the observation window due to acceptor bleaching. d, Linear correlation between acceptor lifetime and bound probability. e, Kinetic models for transition between unbound (U*) and bound (B*) states explored with HMM (see methods). Not shown are irreversible transitions to a bleached state that were allowed from each state as described in the methods. The Akaike information criterion score for each model is given relative to the most likely model (AIC, lower is better). 
